ABSTRACT -To better understand the nitric oxide (NO) / cyclic GMP (cGMP) signaling pathway during embryogenesis, we examined the spatial and temporal expression pattern of the genes for neuronal nitric oxide synthase ( nNOS ), soluble guanylyl cyclase (soluble GC) subunit ( OlGCS-α 1 , OlGCS-α 2 , and OlGCS-β 1 ), and cGMP-dependent protein kinase (cGK) I and II ( cGK I and cGK II ) in the medaka fish embryos. OlGCS-β 1 and nNOS were expressed maternally and OlGCS-α 1 , OlGCS-α 2 , cGK I , and cGK II were expressed zygotically. The zygotic expression of OlGCS-α 1 and cGK I was detected at stage 19, while that of OlGCS-α 2 was detected at stage 16. Whole-mount in situ hybridization showed that the expression of nNOS or cGK I was localized in tail bud, otic vesicles, thyroid, and brain ventricle, or in thymus, gill arch, and olfactory pits, respectively, and that of OlGCS-α 1 , OlGCS-α 2 , or OlGCS-β 1 was dim and dispersed throughout the embryos. To clarify the "role of the NO/cGMP signaling pathway in embryogenesis, we examined the influences of morpholino antisense oligonucleotide of the soluble GC subunit gene ( α 1 -MO, α 2 -MO or β 1 -MO) on development of medaka fish embryos. Embryos injected with α 1 -MO or α 2 -MO mainly exhibited abnormalities in the central nervous system, including defects in the formation of forebrain, eye, and otic vesicles. α 2 -MO injection caused cell death at the tail bud of the embryos at stage 22, and β 1 -MO injection inhibited the development of the embryos at late blastula. These results suggest that the NO/ cGMP signaling pathway plays critical roles in early embryogenesis.
INTRODUCTION
There is increasing evidence that the nitric oxide (NO)/ cGMP signaling pathway plays an essential role in signal transduction in various biological systems e.g., cardiovascular regulation, immune response, and neuronal long-term potentiation via modulator molecules such as NO synthase (NOS), soluble guanylyl cyclase (soluble GC), cGMPdependent phosphodiesterase (PDE), cyclic nucleotidegated (CNG) cation channel, and cGMP-dependent protein kinase (cGK) (Schmidt and Walter, 1994; Kusakabe and Suzuki, 2000; Lucas et al ., 2000) .
Three distinct isoforms of NOS are known: two constitutive types (neuronal NOS, nNOS and endothelial NOS, eNOS) and an inducible type (inducible NOS, iNOS) (Marsden et al ., 1993; Hall et al ., 1994; Chartrain et al ., 1994) . It has been reported that knock out of iNOS caused an increased susceptibility to infection in mice with intracellular pathogens and a blunted hypotensive response to lipopolysaccharide (LPS) (MacMicking et al. , 1995; Wei et al. , 1995) and that knock out of eNOS caused hypertension in null mice Lee et al. , 2000) , although the nNOS -deficient mice displayed almost normal morphologically (Huang et al. , 1993) . In most of these cases, however, the presence of a compensation system among isoforms is suspected, and thus it has been difficult to come to a detailed understanding of the roles of NO in vivo .
Soluble GC, a key enzyme in the NO/cGMP signaling pathway, is activated by NO generated from L-arginine by NOS and catalyzes the conversion of GTP to cGMP. Soluble GC is a heme-containing heterodimeric enzyme composed of α and β subunits. In mammals, four soluble GC subunit cDNAs ( α 1 , α 2 , β 1 , and β 2 ) have been isolated from various tissues (Koesling et al. , 1988 (Koesling et al. , , 1990 Yuen et al. , 1990; Harteneck et al. , 1991) . It has been demonstrated that either α 1 / β 1 or α 2 / β 1 heterodimeric protein is an active enzyme in the expression system (Russwurm et al. , 1998) , although the variation of the activated dimer ( α 1 / β 1 or α 2 / β 1 ) in vivo remains to be clarified. In previous studies, we isolated the cDNA and genomic DNA clones encoding the soluble GC subunit genes, OlGCS-α 1 and OlGCS-β 1 , both of which are aligned tandemly on the genome of the medaka fish Oryzias latipes (Mikami et al ., 1998 (Mikami et al ., , 1999 , and in a more recent study we demonstrated that the proximal promoter regions in the 5'-flanking regions of both subunit genes mutually influenced each other's promoter activity (Yamamoto and Suzuki, 2002) .
Two distinct isoforms (cGK I and cGK II) of cGKs which are the major targets of cGMP have been identified in mammals (Wernet et al ., 1989) . cGK I is expressed mainly in smooth muscle, platelets, and the cerebellum (Butt et al. , 1993) . Loss of the cGK I gene abolishes NO/cGMP-dependent relaxation of smooth muscle, resulting in severe vascular and intestinal dysfunction (Pfeifer et al. , 1998) . The cGK II gene is expressed in the intestine, kidney, brain, and bone (Markert et al. , 1995) , and mice deficient in cGK II have been shown to be resistant to the heat-stable enterotoxin (STa) and to display dwarfism owing to a severe defect in endochondral ossification at the growth plate (Pfeifer et al. , 1996) .
Despite the growing body of information on these modulator molecules, soluble GC knock-out mice have not yet been established and to our knowledge, however, the roles of the NO/cGMP signaling pathway during early embryogenesis have not been well investigated. On the other hand, morpholino antisense oligonucleotides (MOs) have been shown to efficiently knock-down the translation of various genes in zebrafish embryos (Nasevicius and Ekker, 2000) . In addition, in a wide range of model organisms, as well as in zebrafish, sea urchins, ascidians, frogs, chicks, and mice, MOs have been specifically designed to overcome many of the limitations of regular DNA oligos, such as their specificity for the target mRNA, stability, and toxicity. Accordingly, we here investigated the spatial and temporal expression patterns of several genes in this pathway, i.e. , nNOS , OlGCS-α 1 , OlGCS-α 2 , OlGCS-β 1 , cGK I , and cGK II by means of in situ hybridization using the medaka fish O. latipes as a vertebrate model. In addition, we performed a knock-down of soluble GC to block the NO/cGMP signaling pathway with the latest loss-of-function technology. MOsinjected embryos exhibited the defects presumed from the investigation of knock-out mice mentioned above, such as abnormal development of the CNS and eyes, and also they showed cell death in the tail bud, enlarged otic vesicles, and a reduced number of blood cells.
MATERIALS AND METHODS

Animals and embryos
Adults and embryos of the orange-red variety of the medaka fish O. latipes were maintained as described by Yamagami et al. (2001) . The developmental stage was expressed in the manner described by Iwamatsu (1994) . Total RNA was prepared from the embryo, fry, or various adult organs of the medaka fish O. latipes using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Cloning of cDNA fragments of medaka fish nNOS, cGK I, and cGK II by RT-PCR
The degenerate oligonucleotides were designed based on seven amino acids conserved in all reported NOS protein sequences (N-deg.1: 5'-CCYGTBTTCCAYCAGGAGATG-3' for amino acid sequence PVFHQEM; N-deg.2: 5'-RAAGGCRCAR-AASTGRGGGTA-3' for amino acid sequence TP(H/Q)FCAF). First PCR amplification was carried out with first strand cDNA of whole fry as a template and performed for 30 cycles. Denaturation, annealing, and elongation reactions were carried out at 96°C for 30 sec, 50°C for 30 sec, 72°C for 60 sec, respectively. A second PCR was then performed with the nested primers designed based on the sequence conserved in salmon and zebrafish nNOS genes Øyan et al., 2000) (N-3:5'-CAGGAGATGCTCAAC-TATC-3', N-4: 5'-TCCAGTGCTCTCGAAGTTG-3') under the same conditions as used for the first reaction.
A medaka fish cGK I cDNA fragment was obtained by RT-PCR using primers constructed based on the zebrafish EST clones (AI722011 and AI721318); cGK I Fwd: 5'-ATCATCGACACCTTTG-GAGTTGG-3'; cGK I Rev: 5'-CACATTGTAAATGCTTTATCCA-GAG-3'. The amplification conditions were 30 sec at 96°C, 30 sec at 56°C, and 60 sec at 72°C for 30 cycles.
A cDNA fragment of cGK II was isolated by RT-PCR with the following primers: G2-F1, 5'-AGGAAAGGTGAAAGTCACACA-3'; G2-R1: 5'-CTGGAGTCCCACAGAATGTCCA-3'. The amplification conditions were consisted of 5 cycles of 30 sec at 96°C, 30 sec at 50°C, and, 30 sec at 72°C, followed by 30 cycles of 30 sec at 96°C, 30 sec at 55°C, and 30 sec at 72°C. Nested PCR was carried out with following primers using the first PCR product as a template: G2-F2, 5'-GAAAGGAGAGTACTTTGGAGA-3'; G2-R2, 5'-TCCCC-ACCTAAGCAGGCCTCCA-3'. The nested PCR conditions were the same as for the first PCR. The PCR product was purified and subcloned into the plasmid vector pBluescript II KS (+) (Stratagene, La Jolla, CA, USA) and sequenced.
Detection of OlGCS-α α α α 1 , OlGCS-α α α α 2 , OlGCS-β β β β 1 , nNOS, cGK I, and cGK II transcripts in medaka fish embryos by RT-PCR First strand cDNAs were reverse-transcribed from the 4 µg total RNA obtained from various developmental stages of embryos. Primers used for RT-PCR of medaka fish soluble GC α1 subunit were as follows: α1/14-R, 5'-CTTGAAAGGTCAGATGAT-3'; α1/ 14F-c, 5'-ATAGACATCAAGCTCTCC-3'. Those for medaka fish soluble GC β 1 and α 2 subunits were as follows: β1/s-d2, 5'-CAAATC-CATGGAACAGAG-3'; β1/SR-1, 5'-CTTGCTGCGTAGAACAAAG-3'; α2/5'E, 5'-TTCTTTGGTGCCGGCCTGCG-3'; α2/a2TEST, 5'-CTGCACTGATTCAACCCTGG-3'. Medaka fish nNOS and cGK I, and cGK II cDNA fragments were amplified with the following primers: nNOS/F, 5'-TTCCTTTGAGTATCAGG-3'; nNOS/R, 5'-CAAAT-GTACTGGTCACC-3'; cGK I/F, 5'-AACATGGACTTTCTGG-3'; cGK I/R, 5'-TTGATTAGGTTACCAGC-3'; cGK II/F, 5'-CAGAGACAATT-TCAACC-3'; cGK II/R, 5'-GTCCGGAATAATCTGATG-3'. The amplification conditions were 30 sec at 96°C, 30 sec at 52°C, and 30 sec at 72°C for 30 cycles.
Microinjection of morpholino antisense oligonucleotides into medaka fish embryos
The following morpholino antisense oligonucleotides (MOs) of medaka fish soluble GC α 1 -, α 2 -, and β 1 -subunit mRNAs were purchased from GeneTools, LLC (Corvalis, OR, USA): α 1 -MO, 5'-TCT-TTCAACTTGGCGCAGAACATCT-3'; α 2 -MO, 5'-GATCTTGCGT-GACGAAGAAGACATT-3'; β 1 -MO, 5'-GGCGTGATTCACAAAAC-CATACATG-3'. The sequence complementary to the predicted start codon is underlined. For rigorous specificity studies, β 1 -MOs with 4 mispairs (β1-4 mis MO): 5'-GGCGaGATTgACAAAtCCATtCATG-3' or mRNA of OlGCS-α 1 , OlGCS-α 2 , or OlGCS-β 1 were injected into 1-or 2-cell-stage embryos. The full-length cDNAs of OlGCS-α 1 and OlGCS-β 1 were isolated previously (Mikami et al., 1998) and the OlGCS-α 2 cDNA fragment was amplified using the following primers a2-fwd for 5'-GGTGGTACGGAGCCCGCTGTAGCA-3' and a2-rev for 5'-GAACAGCAAACATTTATATTCCAGAACTGC-3', then subcloned into pBluescript II KS (+). The mRNA was synthesized using mMESSAGE mMACHINE kit (Ambion, Austin, TX, USA). The respective MO was dissolved in phosphate buffered saline (PBS) at from 1.7 to 2.0 µg/µl, and microinjected into embryos as described previously (Mikami et al., 1999) .
in situ hybridization
The plasmid vector pBluescript II KS (+) containing the nNOS, cGK I, or cGK II cDNA fragments described above was used as a template for labeling the RNA probe. The OlGCS-α 2 cDNA fragment was amplified by the primers a2-F for 5'-TGCATCCCCCTT-TACCATCC-3' and a2-tail for 5'-AAATCCAAAGCTCAGCACCC-3' and subcloned into the vector. The probes for OlGCS-α 1 and OlGCS-β 1 were prepared as described previously (Yamamoto and Suzuki, 2002) . Fixed embryos were embedded in Tissue-Tek OCT compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan), and cryosectioned at 10 µm. Whole-mount in situ hybridization was carried out as previously described (Yamamoto and Suzuki, 2002) with some modifications. Briefly, a labeled ribo-probe was purified by RNeasy (QIAGEN, Hilden, Germany) to reduce background. Fixed and dechorionated embryos were treated with 10 µg/ml Proteinase K (Roche, Mannheim, Germany) in PBS with 0.1% tween-20 (PBST) at room temperature. The embryos were incubated in prehybridization buffer containing 50% formamide, 5xSSC, 0.1% Tween-20, 5 mg/ml yeast RNA (Sigma, Woodlands, TX, USA), and 50 µg/ml heparin (Sigma) for 1 hr at 65°C, and then hybridized with a digoxigenin-labeled RNA probe (100 ng/ml) overnight. Following the washes in 2xSSC with 0.1% tween-20 (SSCT)/50% formamide at 65°C twice, and in 2xSSCT at 65°C for 15 min, and then twice in 0.2xSSCT at 65 o C for each 15 min, the embryos were incubated in the blocking solution containing 10% sheep serum (Sigma) in PBST for 1 hr at room temperature. After blocking, the embryos were incubated with 1/2000-diluted anti-digoxigenin Fab fragment (Roche) in PBST with 10% sheep serum at 4°C overnight. Following 4 washes with PBST for 30 min and 3 washes with DIG-3 buffer (0.1 M NaCl, 50 mM MgCl 2 , 0.1M Tris-HCl, pH 9.5, and 0.1% Tween-20) for 5 min, the sample was further incubated with BMperple (Roche) at 4°C. After the coloring reaction, the dehydrated embryos were mounted in glycerol or 2% methyl cellulose in 0.85xPBST.
Other methods
The nucleotide sequence was determined by the dideoxy chain termination method (Sanger et al., 1977) with an Applied Biosystem 3100 Genetic analyzer. Data was analyzed with DNASIS software (Hitachi Software Engineering Co., Yokohama, Japan) and GENE-TYX-MAC/version 7.2.0 (Softwere Development, Tokyo, Japan). The homology search was performed at the Web site (NCBI BLAST; http://www.ncbi.nlm.nih.gov/BLAST/) MO-injected embryos and in situ hybridization samples were observed under a light microscope (BX50W1, Olympus, Japan; MZ8, Leica, Switzerland).
RESULTS
Isolation of NO/cGMP pathway-related genes
In the NO/cGMP signaling pathway, NO activates soluble GC, leading to an increase of intracellular cGMP levels and to the induction of cGMP-dependent reactions mediated by such proteins as PDE, CNG channels, and cGK, as illus- Fig. 1 . A schematic drawing of the NO/cGMP pathway. Soluble GC is activated by binding of NO generated by nitric oxide synthase (NOS) or carbon monoxide (CO) catalysed by heme oxigenase (HO) to a prosthetic heme group. cGMP produced by soluble GC modulates the effectors, such as cGMP-dependent protein kinase (cGK), cyclic nucleotide-gated (CNG) cation channel, and phosphodiesterase (PDE). trated in Fig. 1 . In the present study, we initially isolated the cDNA fragments of some of the genes participating in the pathway (nNOS, cGK I, and cGK II) by RT-PCR, and then examined their spatial and temporal expression patterns during embryogenesis of the medaka fish O.latipes.
The deduced amino acid sequence (166 amino acids) of a 502 bp cDNA fragment obtained by RT-PCR with a pair of degenerate primers (N-deg.1 and N-deg.2, N-3 and N-4) contained the calmodulin-binding domain (CaMBD) and a part of the flavin adenine mononucleotide-binding domain (FMNBD) typical in mammalian nNOS and showed about 95.8% similarity to the zebrafish nNOS, 94.0% to the salmon nNOS, and 86.7% to the human nNOS, respectively ( Fig.  2A) . Unfortunately, in the present study we could not obtain the other two isoforms of NOS, iNOS and eNOS, with the pair of degenerate primers.
Similarily, we obtained a 1145 bp cDNA fragment which corresponds to exon 10 to 18 of the human cGK I gene, and which contained a catalytic domain, an ATP-binding domain, and a carboxyl-terminal domain. The deduced 310 amino acid sequence of the cDNA fragment is 94.8% homologous , heart formation stage) was carried out using Superscript II and olido(dT) 12-18 primers. The resultant cDNAs were used for the PCR as a template. The PCR products were run on 2% agarose gels and the gels were stained with ethidium bromide.
to that of mouse cGK I and 95.2% homologous to that of bovine and human cGK I (Fig. 2B) . We also obtained a 555 bp cDNA fragment of which deduced 184 amino acid sequence is similar to that of mammalian cGK II (61.4% identity; Fig. 2C ).
Expression of NO/cGMP signaling pathway-related genes in the medaka fish embryos at various developmental stages
We examined the temporal expression patterns of OlGCS-α 1 , OlGCS-α 2 , OlGCS-β 1 , nNOS, cGK I, and cGK II during embryogenesis by RT-PCR (Fig. 3) . OlGCS-β 1 and nNOS were detected at stage 1, indicating that they are expressed maternally. OlGCS-α 2 was expressed at stage 16, and OlGCS-α 1 and OlGCS-β 1 were expressed at stage 19, indicating that they are expressed zygotically. The expression of cGK II could not be detected at stages16 and 19. cGK II was expressed at the later developmental stage (stage 32) (data not shown).
Spatial expression pattern of mRNA of NO/cGMP signaling pathway-related genes during early embryogenesis
Whole-mount and section in situ hybridization revealed the presence of the transcripts of OlGCS-α 1 and OlGCS-β 1 in the whole brain and embryonic kidney of the 7-day-old and hatched embryos, and the OlGCS-α 2 transcript was also detected in the whole brain (Fig. 4) . However, in early developing embryos the signals due to the transcripts of three soluble GC subunit genes were dispersed over the embryos. However, none of signals due to these subunit genes were detected in the embryos with sense probe (data not shown).
The expression pattern of nNOS mRNA was changed dynamically dependent on the developmental stage. After stage 18, the signal was detected in the tail bud (Fig. 5A-a) and at stages 21-22, the transcript also became detectable in the otic vesicles and thyroid (Fig. 5A-b) . After stage 28, the signal was detected in the brain ventricle (Fig. 5A-c, d) . Interestingly, the signal of the tail bud disappeared gradually with development, and at stage 28 it had nearly vanished, while the other signals were still detectable at this stage. The section in situ hybridization using the 5-day-old embryos (around stage 35) showed that nNOS was prominently expressed in the spinal floor plate (Fig. 5A-e, arrow) and the lateral spinal cord (Fig. 5A-e, arrowhead) .
At stage 22, the signal due to cGK I was detected in the lateral side (Fig. 5B-a) . At stage 24, the signal was detected in the thymus and gill arch (Fig. 5B-b) , and at stage 27, the signal was faintly detected in the olfactory pits (Fig. 5B-d) . The section in situ hybridization using the 5-day-old embryos demonstrated that expression of the cGK I transcript was localized in the dorsal root ganglion (DRG) neurons (Fig. 5B-e) . However, we could not detect the expression of cGK II through the all developmental stages (data not shown).
The influences of disruptions of the NO/cGMP signaling pathway by soluble GC knock-down using morpholino antisense oligonucleotide (MOs) on medaka fish embryogenesis As described above, the expression of nNOS and cGKs tended to be tissue-specific compared with that of soluble GC subunit mRNAs, which was more disperse, suggesting that soluble GC is involved in many events in many different cells in the possible combinations of the subunits (α 1 /β 1 or α 2 /β 1 ) during early embryogenesis. To determine the phenotypes induced by the knock-down of a given soluble GC subunit gene using MOs, we designed experiments to block the formation of the α 1 /β 1 or α 2 /β 1 heterodimer by using a 1 -MO or α 2 -MO. The α 1 -MO or α 2 -MO injection caused nearly identical phenotypes in the medaka fish embryos. The MOinjected embryos displayed defects mainly in the CNS, for example, the formation of a slightly wavy notochord and irregular somite border (arrows and arrowheads in Fig. 6B e and 6B-h). In addition, MO-injected embryos developed more slowly than the control embryos. When high concentrations (over 2.0 µg/µl) of MO were injected, the embryos showed the most severe phenotype, i.e. cessation of development at the state of lumps of cells. The α 1 -MO injected embryos displayed the degenerated cells in the lateral side of the embryonic body at stage 17 (arrowheads in Fig. 6A-f and 6B-d) and the enlargement of the otic vesicles at 7 days after the injection (arrowheads in Fig. 6A-h and 6B-f) , which may be caused by apparent cell death judging from the observation that the future tissues derived from the cells developed abnormally and the number of cells shown in Fig.  6A -f, j (arrowheads) and 6B-e, h (arrow and arrowheads) was reduced remarkably after MO injection. α 2 -MO injection also caused severe defects in the embryos at the late gastrula in a manner similar to α 1 -MO injection, although the defects due to α 2 -MO injection appeared slightly earlier than those by α 1 -MO injection, which appeared at stage 16 (arrowheads in Fig. 6A-i and 6A-j) . In addition, the embryos showing severe defects also showed of abnormal development of the forebrain and eyes, with some showing formation of a cyclopean eye at the ventral forebrain (Fig. 6B-i,  arrow) . Amazingly, in the stage 22 embryos with mild defects, the degenerate cells were also observed at the tail bud (Fig. 6B-j, arrow) . Moreover, most of the α 1 -MO or α 2 -MO injected embryos seemed to contain fewer blood cells than the control embryos, despite the apparently normality in formation of the blood vessels and heart. Surprisingly, the β 1 -MO injected embryos displayed delay and inhibition of development after the blastula stage in a dose-dependent manner (Fig. 6A-m, 6A-n) . In additon, at regular culture temperature (28°C), the β 1 -MO injected embryos developed as did the α 1 -MO or α 2 -MO injected embryos, while at lower temperature (22°C) the β 1 -injected embryos displayed abnormal development as described above. To examine the toxicity and specificity of MOs themselves for target genes, we injected 4 base mispaired MO (β1-4 mis MO) or coinjected mRNA coding each subunit of soluble GC to embryos with MOs, resulting in no defect (data not shown).
DISCUSSION
In the present study, we obtained the clones of the cDNA fragments for nNOS, OlGCS-α 2 , cGK I, and cGK II, all of which are NO/cGMP signaling pathway constituents, from medaka fish embryos, and then examined their temporal and spatial expression patterns. The deduced amino acid sequences of all of the clones were highly similar to those reported for the teleost, salmon and zebrafish correspondings, as well as to those reported for mammals (Fig. 2) (Nakane et al., 1993; Ogura et al., 1993; Holmqvist et al., 2000; Øyan et al., 2000) . In a previous study, we isolated the full-length cDNAs for the medaka fish soluble GC α 1 -and β 1 -subunits (Mikami et al., 1998) , and recently we obtained the full-length cDNA for the medaka fish soluble GC α 2 -subunit (Yao, Y., Yamamoto, T., Suzuki, N., unpublished data). Therefore, we presume that the medaka fish NO/cGMP signaling pathway comprises the same components (NO synthase, soluble GCs, and cGMP-dependent protein kinases) found in mammals. In medaka fish, two genes, OlGCS-β 1 and nNOS, both of which translation products are comprised in the NO/cGMP signaling pathway were expressed maternally, and the expression of OlGCS-α 1 and OlGCS-α 2 , both of which translation products are possible counterparts of OlGCS-β 1, was not detected until a later developmental stages (Fig. 3) . Nevertheless, the b 1 -MO injected embryos exhibited delay or inhibition of development in a dose-dependent manner (Fig. 6A -m, 6A-n). In this regard, it should be mentioned that an NOS inhibitor, N G -nitro-L-arginine has been shown to inhibit the development in mammalian embryos (Gouge et al., 1998) . Moreover, Chen et al. (2001) demonstrated that 8-Br-cGMP reversed the inhibitory effect of Nω-nitro-L-arginine methyl ester (L-NAME) and rescued the growth of the embryo, and a soluble GC inhibitor, 1H-[1, 2, 4] Oxadiazolo [4, 3-a] quinoxalin-1-one (ODQ), inhibited the development in a dosedependent manner. These facts indicate that the NO/cGMP signaling pathway plays some important roles in early embryonic development of mammals. However, in our present study, no expression of OlGCS-α 1 or OlGCS-α 2 was detected in the early developmental stages of medaka fish. Therefore, we presume that there are unknown soluble GC activation systems involving NO without the alpha subunits.
Both the OlGCS-α 1 and OlGCS-β 1 transcripts were colocalized in the whole brain in the 7-day (stage 37) and 9-day hatched embryos (stage 39) (Fig. 4) . This finding was coincident with our previous study, in which GFP fluorescence was detected in the brain when a OlGCS-α 1 promoter-GFP fusion gene construct was injected into medaka fish 2-cell stage embryos (Mikami et al., 1999) . The signals due to both transcripts were detected in the whole embryo in the early developmental stages, and then became gradually localized mainly in the brain as development continued. Harteneck et al. (1991) identified the soluble GC α 2 -subunit mRNA in the human fetal brain. Recently, Gibb and Garthwaite (2001) demonstrated that the α 2 transcripts are widely distributed throughout the developing rat brain, and are abundant in the cerebellum and hippocampus. Similarly, in medaka fish the signals due to the OlGCS-α 2 transcript were detected in the brain of the 4-day-old embryos, but they were dim in the early embryo as in the cases of the OlGCS-α 1 and OlGCS-β 1 transcripts (Fig. 4) . In contrast, the signals due to nNOS and cGK I were restricted, suggesting that the transcripts of both genes function in limited sites.
Although, there have been many papers on the gene expression patterns of the NO/cGMP signaling pathway components, most of them have focused on the expression in adult organs, and there have have been few reports, dealing with the embryonic expression of these genes. In the present study, we found that nNOS was expressed in the tail during the somitegenesis stage and then became expressed in the otic vesicles and brain ventricle (Fig. 5A) . It has been reported that the activity of NOS was dependent on Ca 2+ / Calmodulin (CaM), and that the localization of calcium pulse is dynamically changed throughout zebrafish embryonic development (Creton et al., 1998; Gilland et al., 1999) . Our results demonstrated that the change of the expression pattern of nNOS in the medaka fish embryos was parallel to the calcium transitions. Calcium signaling throughout the segmentation period was also evedent in the tail bud, coincident with the nNOS expression pattern. Moreover, the α 2 -MO injected embryos displayed the degenerated cells in the tail at stage 22 (Fig. 6B-j, arrow) , suggesting that the NO/cGMP signaling pathway plays novel roles in the tail bud throughout the somitegenesis period. Our results that NOS was expressed in the otic vesicles after stage 22 (Fig. 5A ) and that the otic vesicles were enlarged in the α 1 -MO injected embryos (arrowheads in Fig. 6A -h and 6B-f) also suggest that the NO/cGMP signaling pathway involves in the formation of the otic vesicles.
It has been reported that iNOS plays a role in the immune system in mammals (Chartrain et al., 1994) and it has been proposed that PDE2 involves in thymocyte differentiation (Michie et al., 1996) , probably via the following cascade: iNOS activates soluble GC, which then synthesizes cGMP, which in turn participates in the signal transduction through effector such as PDE2 and cGK I. In salmon, it is known that iNOS is expressed in the thymus (Øyan et al., 2000) . In the present study, we were unable to obtain the cDNA fragment for either iNOS or eNOS, and thus did not determine their expression sites. However, our results demonstrated that the transcripts of cGK I, a downstream modulator, in the NO/cGMP signaling pathway, were detected in the thymus of medaka fish embryos (Fig. 5B) , suggesting that the signal transduction similar in mammalian thymocyte differentiation and salmon thymus function in the medaka fish embryonic differentiation.
Using an immunohistochemical method, Zhan et al. (1999) demonstrated that eNOS and cGK I were expressed in rat lung and suggested the presence of an NO/cGMP signaling pathway in the respiratory ciliated epithelia of the rat lung. Our finding that cGK I was expressed at the medaka fish gill arch may indicate that the NO/cGMP signaling pathway plays an important role in the respiratory organ of medaka fish. Despite our many efforts, however, we were unable to detect another cGK isoform, cGK II, by in situ hybridization in any of the developmental stages of medaka fish embryos examined, suggesting that cGK II, unlike cGK I, does not play a role in developmental events.
In this study, we detected the expression of nNOS and cGK I in the spinal floor plate and DRG of 5-day-old embryos by section in situ hybridization (Fig. 5A-e, arrow ; 5B-e, arrowhead). It has been reported that nNOS and cGK I were expressed in the small-and medium-diameter DRG neurons and spinal floor plate of mouse embryos (Bredt and Snyder, 1994; Qian et al., 1996) and both effectors have been shown to participate in neuronal differentiation (Peunova and Enikolopov, 1995) and axon outgrowth (Hess et al., 1993) . In addition, the signals in the lateral spinal cord (Fig. 5A-e, arrowhead) may be reflected in the fact that nNOS was expressed in axonal projection to the dorsal spinal cord (Qian et al., 1996) . It has been proposed that cGMP enhances the sonic hedgehog response in the spinal cord, while cAMP blocks the hedgehog pathway through cAMPdependent protein kinase (cAK) (Jiang and Struhl, 1995; Robertson et al., 2001) . Moreover, Scott and Jennes (1991) demonstrated that atrial natriuretic peptide (ANP) binds to the cells in the dorsal and ventral neural tube, suggesting that, in addition to the NO/cGMP signaling pathway, the NPs/cGMP signaling pathway also participates in the dorsalventral patterning in the neural tube, further indicating the complexity of the crosstalk among the various signaling pathways. Several papers have suggested that NO in the CNS may play roles in synaptogenesis, axon guidance, axon outgrowth and long-term potentiation (LTP) in the cerebellum (Izumi et al., 1992; Williams et al., 1994) . In the present study, we demonstrated the malformation of notochord and somite border in the soluble GC knock-down embryos due to MO injection (arrows and arrowheads in Fig.  6B -e and 6B-h). We presume that these abnormalities of the CNS were caused by cell death and the malformation of synaptic connections owing to the block of the NO/cGMP signaling pathway in the CNS. However, Huang et al. (1993) reported that the phenotypes of nNOS knock-out mice were almost normal, and that the mice showed no histopathological abnormalities other than enlarged stomach; they suggested that this phenotypic normalcy was probably due to compensation by the other NOS isoforms. Judging from our results, on the other hand, the disruption of the soluble GC subunit gene in mammals seems to cause severe defects which may lead to difficulty in analyzing the events throughout the embryogenesis. This latest loss-of-function technology using medaka fish embryos makes it much easier to investigate the novel roles of the NO/cGMP signaling pathway in embryogenesis. Further studies will be needed to clarify the novel target molecules in this pathway.
